Abnormalities of myocardial gap junction-mediated cell coupling have been implicated in cardiac arrhythmogenesis. The potential role of gap junctional dysfunction in the generation of reperfusioninduced arrhythmias is uncertain. The purpose of this study was to measure the effects of myocardial ischemia and reperfusion on gap junctional conductance (gj) between isolated ventricular myocytes. By using a new experimental model, myocyte pairs were isolated from Langendorif-perfused rabbit hearts 1) after 30 minutes of global normothermic ischemia followed by 30 minutes of reperfusion, 2) after 75 minutes of control perfusion, or 3) immediately after removal of the heart. Myocytes and myocyte pairs were studied using whole-cell recording techniques. Action potential characteristics of cells in all three groups were normal. Despite similar mean gj in all three groups (0.88±0.27, 1.15±0.18, and 1.24±0.25 ,uS, respectively;p>0.05), the postischemic group was more widely distributed and had a significantly greater proportion of poorly communicating cell pairs than either control group (gj<25% of mean in eight of 15 myocyte pairs versus zero of 15 and one of 13, respectively; p<0.02). Thus, postischemic myocyte pairs represent a heterogeneous population of electrically coupled cells in which individual deficits in coupling are masked by a normal mean value. In the reperfused intact heart, local disturbances of cell coupling, similarly undetected by gross measures of conduction, could disrupt myocardial conduction and activation on a microscopic scale and thus enhance arrhythmogenicity. (Circulation Research 1992;71:127-136) 
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Abnormalities of myocardial gap junction-mediated cell coupling have been implicated in cardiac arrhythmogenesis. The potential role of gap junctional dysfunction in the generation of reperfusioninduced arrhythmias is uncertain. The purpose of this study was to measure the effects of myocardial ischemia and reperfusion on gap junctional conductance (gj) between isolated ventricular myocytes. By using a new experimental model, myocyte pairs were isolated from Langendorif-perfused rabbit hearts 1) after 30 minutes of global normothermic ischemia followed by 30 minutes of reperfusion, 2) after 75 minutes of control perfusion, or 3) immediately after removal of the heart. Myocytes and myocyte pairs were studied using whole-cell recording techniques. Action potential characteristics of cells in all three groups were normal. Despite similar mean gj in all three groups (0.88±0.27, 1.15±0.18, and 1.24±0.25 ,uS, respectively;p>0.05), the postischemic group was more widely distributed and had a significantly greater proportion of poorly communicating cell pairs than either control group KEY WoRDs * gap junctions * cell coupling * reperfusion * arrhythmias G ap junction-mediated electrotonic cell coupling forms the basis for the transmission of electrical signals between contiguous cells in the heart. The direct intracellular flow of current through gap junctions plays an important role in synchronizing myocardial activation for maximum contractile efficiency. Changes in the degree of cell coupling can significantly alter the characteristics of cardiac conduction and may also influence automaticity.1-4 Experimentally, a reduction in cell coupling provides an electrophysiological substrate that increases susceptibility to cardiac arrhythmias induced by both abnormal impulse generation and aberrant conduction. 5 Recent studies have shown that gap junctional ultrastructure and function are disrupted during myocardial ischemia. [6] [7] [8] The potential contribution of this cellular uncoupling to the occurrence of arrhythmias in the ischemic myocardium has also been investigated.9 Although a causative relation between uncoupling and arrhythmogenesis has not been shown, there is increasing evidence that disrupted cell coupling can contribute to the generation and perpetuation of cardiac rhythm disturbances under ischemic conditions.
Although changes in cell coupling during ischemia have been described, the effects of myocardial reperfusion on the function of gap junctions have not been critically examined. Several recent studies have provided evidence that cellular uncoupling persists after myocardial reperfusion.10-12 However, other studies reported normal overall characteristics of conduction in the postischemic heart. [13] [14] [15] Although the results of these latter studies suggest a rapid recovery of mean conduction, they do not exclude the possibility that local disturbances in gap junctional communication may persist and contribute to arrhythmogenicity at the microscopic level. Thus, the potential role of cell coupling in the generation of reperfusion-induced arrhythmias remains uncertain.
The present study was designed to assess the effects of myocardial reperfusion on gap junctional function. Because of the extreme difficulty of making single cells truly ischemic, and since cable analysis of reperfused tissue may not be possible,7 we developed a new model in which ventricular myocytes were isolated from intact hearts subjected to global ischemia and reperfusion in vitro. This method provided a population of reperfused isolated myocytes and permitted us to directly measure the electrical conductance of gap junctions in postischemic myocyte pairs.
Materials and Methods Experimental Protocols
All experimental procedures conformed to the National Institutes of Health "Guide for the Care and Use of Laboratory Animals" (DHHS publication No. [NIHI 86-23, revised 1985) and were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. Adult New Zealand White rabbits of either sex (2.5-3.0 kg) were sedated with a combination of ketamine hydrochloride (40 mg/kg) and xylazine (4.4 mg/kg) administered intramuscularly. Sedated rabbits were heparinized (500 units i.v.) and euthanatized with pentobarbital sodium (25 mg/kg) administered intravenously. The heart was removed via thoracotomy and rinsed once in oxygenated Tyrode solution. The aorta was cannulated and the heart immediately hung on a Langendorff perfusion apparatus in which the coronary arteries were perfused at a constant pressure of 80 mm Hg. The Tyrode solution was equilibrated with 100% 02 at pH 7.4 and contained (millimolar) NaCl 140, KCl 4.8, MgSO4 1.2, CaCl2 1.8, NaH2PO4 1.2, HEPES 10.0, and dextrose 15.0. All procedures were performed at 37°C. Myocardial temperature was continuously monitored with a thermistor probe placed within the right or left ventricle.
Global ischemia was induced by completely interrupting perfusion of the aortic root with a stopcock situated just above the cannula. During ischemia the heart was maintained at 37°C by bathing the surface with unoxygenated Tyrode solution. Care was taken to prevent the perfusate from entering the chambers of the heart.
Group 1 hearts (n=5) received 15 minutes of perfusion with Tyrode solution followed by 30 minutes of global, normothermic ischemia and 30 minutes of reperfusion. At the end of the reperfusion period, hearts underwent enzymatic digestion for the isolation of postischemic myocyte pairs (see below). Group 2 hearts (n=8) were perfused with Tyrode solution for 75 minutes before enzymatic digestion. To assess the effects of Langendorff perfusion on cell isolation and gap junctional conductance (gj), a control group of hearts (group 3, n=8) underwent cell isolation without prior Tyrode perfusion.
All hearts in group 1 initially beat normally. Cardiac contraction ceased within approximately 30 seconds of the onset of ischemia, and hearts remained asystolic throughout the ischemic period. On reperfusion, hearts began beating immediately. Some hearts initially showed irregular or asynchronous activity; however, within 2 minutes of reflow all hearts appeared to contract regularly and synchronously. In the parallel Tyrode perfusion experiments (group 2), all hearts beat normally throughout the perfusion period.
Preparation of Isolated Ventricular Myocyte Pairs
All solutions were titrated to pH 7.4 and equilibrated with 100% 02 at 37°C. Immediately after cannulation (group 3), Tyrode perfusion (group 2), or reperfusion (group 1), the heart was perfused for 3-5 minutes with nominally calcium-free Tyrode solution. The heart was collagenase-containing calcium-free Tyrode solution (type II, 1.2 mg/ml, Worthington Biochemical Corp., Freehold, N.J.; [KCl]=25 mM). When the heart became flaccid, the left ventricular free wall was removed and minced with scissors in 30 ml fresh enzyme solution. This tissue was incubated for 5 minutes at 37°C while being agitated by gentle bubbling with 100% 02. The resulting cell suspension was then filtered through 300-,m nylon mesh and centrifuged at low speed for 2 minutes. The supernatant was discarded, and the cells were resuspended in 30 ml Tyrode solution containing bovine serum albumin (fraction V, 1.0%) and calcium (100 LM; [KCl]=4.8 mM) and then recentrifuged for an additional 2 minutes. Finally, the supernatant was discarded again and the cells were resuspended and stored at room temperature in 30 ml cell culture medium (medium 199; [CaCI2]=2 mM) supplemented with HEPES (10 mM), penicillin (100 units/ml), and streptomycin (100 ,g/ml). No additional methods for the selective removal of dead myocytes from the cell suspension were used.
Isolated Cell Recording Setup
Ventricular myocytes were studied in a custom-made tissue bath mounted on the stage of an inverted microscope with Hoffman modulation contrast optics. The microscope was equipped with a CCTV video camera connected to a high-resolution monitor and a 35-mm camera for photomicrography. The tissue bath consisted of a rectangular plexiglass wall mounted on a glass microscope slide (volume, approximately 0.5 ml). A solution inlet and outlet on opposite ends of the bath allowed continuous superfusion of cells with 0.22-,umfiltered Tyrode solution. Temperature was maintained at 37°C by circulating warm water through a loop of tubing placed in the bath and was monitored continuously with a thermistor probe. The tissue bath was grounded via a silver/silver chloride pellet placed near the bath outlet.
Evaluation of Preparation
To evaluate the effect of ischemia and reperfusion or Langendorff perfusion alone on subsequent cell isolation, the percentage of morphologically normal isolated cells in a given preparation was estimated. Fields of approximately 20-50 cells were photographed at x50 magnification onto black and white 35-mm film. Photographic negatives were then enlarged, and the numbers of normaland abnormal-appearing cells were counted. Cells were considered morphologically normal if they maintained a typical rod shape, had clear cross striations, and had surface membranes generally free of blebs. The total number of cells counted per experiment ranged between 86 and 371.
Electrophysiological Recording Techniques
All electrophysiological measurements were made on morphologically normal cells by using tight seal (>1 GQl), whole-cell recording techniques under current or voltage clamp. Patch pipettes (3-6 Mfl) were pulled from 1.5-mm borosilicate filament glass by using a horizontal pipette puller. The electrode filling solution contained (millimolar) potassium glutamate 130, NaCl 10, CaCI2 0.5, HEPES 10, EGTA Electrophysiological stimulation and recording were computer controlled. Voltages and currents were monitored on analog and digital oscilloscopes. Analog data were digitized on-line at frequencies of 1-10 kHz with a resolution of 0.1 mV and 10 pA.
Action Potential Recording
Single myocytes were stimulated through the recording electrode with 1-msec depolarizing current pulses (1-10 nA) at a frequency of 0.2 or 1.0 Hz. The magnitude of current injected was the minimum level at which action potentials could consistently be evoked. Measured action potential parameters included resting membrane potential (RMP), action potential amplitude (AMP), action potential duration at 50% and 90% repolarization (APD50 and APD90, respectively), and maximum dV/dt of phase 0 (Vm.). For each myocyte, the mean value of each parameter from 10 successive action potentials is reported.
Measurement of Gap Junctional Conductance
The gj was measured with the combined discontinuous current-clamp and discontinuous voltage-clamp technique.1617 Discontinuous recording methods were used to minimize potential series resistance artifacts. Throughout all experiments it was ensured that voltage artifacts caused by current flow through the micropipettes decayed to zero before membrane potential was sampled. Values for gj were determined at 3-second intervals by using 800-msec, 1-5-nA hyperpolarizing or depolarizing current pulses. Voltages and currents were low pass filtered at 100 Hz and were sampled at frequencies of 5-8 kHz. Values for gj were assessed at or near the resting membrane potential of the cell pair, which was typically between -70 and -80 mV. The value of gj reported for each cell pair is the mean of 10 successive measurements when gj was stable.
Data Analysis
Data are reported as mean±SD or mean±SEM as indicated. Estimates of percentage of cells with normal morphology and measurements of action potential characteristics in the three experimental groups were compared using one-way analysis of variance (ANOVA).
Distributions of gj in the three experimental groups were compared using Fisher's Exact Test.18 A value of p<0.05 was considered to indicate a significant difference.
Results
Evaluation of Preparation Figure 1 shows photomicrographs of Tyrode-perfused (left panels) and postischemic (right panels) isolated myocytes and myocyte pairs. Cells from both of these groups show typical rod-shaped morphology with clear cross striations and smooth surface membranes.
The mean percentage of morphologically normal cells in three postischemic preparations was 35.3 ±6.3% (SD). This value was not significantly different from the results obtained in three Tyrode-perfused (group (group 3) preparations (41.4±3.9%), indicating that postischemic myocytes did not have an increased susceptibility to damage during cell isolation and could be isolated as successfully as cells from Tyrodeperfused hearts.
Action Potential Characteristics of Postischemic Myocytes
To assess possible electrophysiological damage caused by calcium-free perfusion and enzymatic digestion of perfused or postischemic hearts, action potential characteristics of isolated myocytes were examined. Representative action potentials from cells in each experimental group are shown in Figure 2 . Mean action potential characteristics of cells in each group are summarized in Table 1 . All cells studied from all three groups were well polarized, with a resting membrane potential of at least -69 mV. Postischemic ventricular myocytes (n=10) showed typical action potentials with RMPs between -69 and -74 mV, AMPs of 126±+1 mV (SEM), and a distinct plateau phase. APD50 and APD%0 were 351±24 and 384±26 msec, respectively; Vma,, was 339±+12 V/sec. Action potential characteristics of postischemic cells were not statistically different from those of Tyrodeperfused cells in any category ( Table 1 ). The results obtained for these two groups of cells are comparable to values previously reported for action potentials from rabbit ventricular muscle preparations19-2' and isolated myocytes from rabbit22-24 as well as other species. 25, 26 The return to normal of RMP, AMP, APD90, and Vm,, and the shape of the plateau phase (as evidenced by APD50) in postischemic myocytes are consistent with previous reports that action potentials rapidly return to normal after myocardial reperfusion.15"27-29 Action potentials from group 1 and group 2 cells did not differ from those of group 3 cells with respect to AMP, APD50, APDg, or Vm,, (Table 1 ). RMP in these single cells was reduced relative to that observed in control single cells (-73±1 mV and -72±0.4 mV versus -77±1 mV, respectively, p<0.01). However, in cell pairs RMP was similar in all three groups (see below). Gap Junctional Conductance in Normal and Postischemic Cell Pairs Figure 3 illustrates how gj was determined. Cell The characteristics and gj of myocyte pairs in the three experimental groups are summarized in Table 2 . Similar proportions of side-to-side and end-to-end myocyte pairs were studied in the three groups. In addition, there were no differences in resting membrane potential or input resistance of cells between groups (Table 2) , and there was no correlation between g; and either RMP or input resistance. Cells were studied up to 8
2) preparations (33-4-.-2.2%) or from eight control hours after cell isolation. There was no relation between time after isolation and gj.
In control myocyte pairs (group 3, n =13), gj ranged between 0.248 and 3.073 ,uS. Mean and median gj in this group were 1.240±0.248 (SEM) and 0.825 gS, respectively. These values are comparable to values previously reported for gj in ventricular myocyte pairs isolated from normal rat and guinea pig myocardium.'6,17,30-33 In postischemic myocyte pairs (group 1, n =15), gj ranged between 0.077 and 3.534 1gS. The conductance was not normally distributed in this group, as evidenced by the large discrepancy between the mean and median gj (0.877±0.273 [SEM] versus 0.276 gS, respectively). The Tyrode-perfused group (group 2, n-15) showed much less heterogeneity, with a mean conductance of 1.153±0.177 gS and a median gj of 0.911 ,uS. In contrast, no myocyte pairs in the Tyrode-perfused group had a gj in this range. These two distributions were significantly different (p<0.01) when compared using Fisher's Exact Test. Likewise, only one of 13 control cell pairs had a gj less than 25% of the mean conductance. The distribution of gj in this group was not statistically different from that in group 2 pairs; however, the difference between postischemic (group 1) and control (group 3) cell pairs was significant (p<0.02).
Discussion

Isolation of Postischemic Ventricular Myocytes
Isolated cells have been used extensively to study myocardial ischemic and reperfusion injury. Models of ischemia and reperfusion with dissociated cells have involved exposing cells to various components of ischemia either individually or in combination with others. In the present study, we developed a model whereby ischemia and reperfusion are induced in an intact heart, from which postischemic ventricular myocytes are subsequently isolated. Ischemia and reperfusion of the intact heart may provide a more physiological approximation of myocardial stunning than does simulation of ischemia in isolated cells. For example, the restricted extracellular space surrounding myocytes in situ may lead to local depletion or accumulation of ions or to accumulation of cardioactive metabolites that contribute to myocardial damage but are unaccounted for in single-cell ischemic models. In addition, enhanced substrate utilization and mechanical stress induced by cardiac contraction, also unaccounted for in single-cell models, may contribute to cellular injury during ischemia and reperfusion.42 43 Moreover, the vascular endothelium, which is present only in the intact heart model, may play an important role in mediating reperfusion injury44 via the generation of free radicals45; this may be a critical component of the ischemic model.
In this study, single and paired ventricular myocytes were successfully isolated from postischemic myocardium by using a simple cell isolation protocol. The duration of ischemia was chosen so that reperfusion occurred in the reversible phase of ischemic injury. The induction of global rather than regional ischemia ensured that all isolated cells did in fact come from surviving postischemic tissue. One potential criticism of this method is that the harsh conditions imposed during cell isolation (enzymatic digestion and calcium depletion and repletion) may have damaged or altered the electrophysiology of the surviving cells. In a similar study, single subendocardial Purkinje cells were isolated from 24-hour-old infarcts in canine hearts. 46 The morphology, ultrastructure, and electrophysiology of the isolated cells were comparable to those reported for infarcted Purkinje fibers in multicellular preparations. Despite the recent injury and the instability of the sarcolemma, dissociation had a minimal effect on the surviving cells. In other studies, cells have also been isolated successfully from hypertrophied myocardium47 and from hearts with pathological changes secondary to chronic diabetes mellitus. 48 In the present study, postischemic myocytes maintained a typical rod shape with cross striations and a smooth sarcolemma, indicating that gross disturbances in intracellular volume regulation and ATP and calcium homeostasis had not been caused by cell isolation. In addition, the action potential characteristics of these cells were normal. This observation is consistent with previous reports of recovery of action potentials in reperfused multicellular preparations and indicates that sarcolemmal ion channels and ion exchange pumps were also intact. Nevertheless, a deleterious effect of cell isolation on the gap junctions between paired myocytes cannot be ruled out.
Gap Junctional Conductance in Postischemic Myocyte Pairs
The results of this study suggest that the postischemic myocardium represents a heterogeneous population of electrically coupled cells. The level of gj in many reperfused cell pairs was equivalent to gj in normal cell pairs from this study and was similar to values for gj reported by other investigators. 16, 17, 32, 33 However, a significant population of myocyte pairs was also identified in which the degree of electrotonic coupling was clearly reduced (Figure 4) .
Previous studies of intact hearts,27'49 isolated ventricular muscle,7'9"12'50-52 and isolated myocyte pairs37 have indicated that cell-to-cell electrotonic coupling is disrupted during ischemia or by conditions present during ischemia. Therefore, our observation of a heterogeneity of gj indicates nonuniform recovery of cell coupling after myocardial reperfusion. These results are supported by several reports of delayed recovery of cell coupling in stunned myocardium.10-'2 '50 In other studies,13-'5 electrograms and conduction time in postischemic tissue rapidly returned to normal, suggesting that electrotonic cell coupling recovers rapidly after myocardial reperfusion. However, these indexes represent summated or averaged responses over many myocardial cells and many intercellular junctions. By using such gross measures, individual variations in coupling resistance cannot be assessed. Therefore, a net result of normal overall conduction does not exclude the The role of intracellular acidosis in ischemic cellular uncoupling has recently been questioned,55 and since intracellular pH returns to normal levels rapidly after myocardial reperfusion,56-58 it is an unlikely cause of a prolonged reduction in g&. Alternatively, a rise in intracellular calcium concentration may be a significant cause of ischemic uncoupling.55 Intracellular calcium overload, which is often exacerbated by and may persist after reperfusion,58 could contribute to continued cellular uncoupling in postischemic tissue. In the present study, however, cells were dialyzed with solutions designed to buffer [Ca'+]i to low levels. Therefore, a calcium overload-induced reduction of g& is also unlikely in this case. Alterations in fatty acid metabolism may contribute to a reduction of g&. Recent studies have shown that g& is sensitive to arachidonic acid and several other free fatty acids.59-61 Such substances accumulate within cells during ischemia because of enhanced lipolysis and activation of membrane-bound phospholipases and have been implicated in arrhythmogenesis (see Reference 62 for review). Furthermore, ultrastructural changes in the intercalated disk after myocardial ischemia or hypoxia have been described.6850 Such damage in the gap junction could also contribute to a persistent reduction of g&. For example, the production of free radicals on reperfusion of ischemic tissue can lead to lipid peroxidation and sarcolemmal damage.63 A resultant change in membrane fluidity or membrane disruption in the vicinity of the lipid-junctional protein interface could interfere with channel function or cause changes in the gating properties of the channel.64 Importantly, the degree of injury and subsequent recovery may be highly dependent on the duration of the ischemic and reperfusion periods. Prolonged ischemia with irreversible injury would have been expected to produce more uniform depression of gj, while extended reperfusion may have improved recovery.
It is also unclear why some postischemic cell pairs were poorly coupled while others were well coupled. Hearts were subjected to global ischemia, and thus no areas of the myocardium received collateral blood flow. Therefore, it is unlikely that regional protection from ischemic injury occurred. Alternatively, while injury was cardial reperfusion may have varied considerably. Ischemic damage to vascular endothelium, myocardial contracture, or extensive swelling of myocytes or endothelial cells may occlude the coronary microvasculature and prevent the restitution of local blood flow on reperfusion, causing persistent ischemia and, ultimately, infarction. This has been termed the no-reflow phenomenon. 65 Accordingly, cells in nonreperfused or incompletely reperfused tissue would have suffered a greater ischemic insult and would have been more susceptible to the calcium overload and ultrastructural damage described above. In this study, postischemic cell preparations commonly contained myocyte pairs with high g and those with low g& as well. It is conceivable that the cells exhibiting poor electrotonic coupling may have been located in these more severely affected regions.
Implications of Cellular Uncoupling to Arrhythmogenesis
It is difficult to extrapolate measurements of gj in isolated cells to characteristics of conduction in the intact heart. However, the known sensitivity of gj to cellular changes during ischemia and reperfusion suggests that intercellular communication may be impaired in the postischemic "stunned" myocardium. This view is supported by the results of several other studies. [10] [11] [12] 50 The degree of cellular uncoupling observed in the present study may not by itself be sufficient to impair impulse conduction.66 However, in combination with other electrophysiological derangements that are present after myocardial ischemia and that alter conduction, including membrane depolarization and reduced fast inward current,10 it is likely that cellular uncoupling contributes to conduction disturbances.
Although spontaneous arrhythmias in the intact heart after 30 minutes of reperfusion are uncommon, the perpetuation of early reperfusion arrhythmias requires a suitable electrophysiological substrate. A persistence of cellular uncoupling after reperfusion could support conduction disturbances related to both reentry, for which slow conduction and conduction block are necessary, and abnormal automaticity, which may arise when depolarized myocytes are poorly coupled to adjacent tissue. Moreover, the degree of uncoupling observed after 30 minutes of reperfusion most likely reflects more severe changes present during the ischemic period and early reperfusion, when malignant arrhythmias more frequently develop.
In summary, this study provides direct evidence that gap junctional communication is compromised in postischemic ventricular myocytes. The heterogeneous recovery of cell coupling after reperfusion may contribute to nonuniformities of myocardial conduction and activation that increase susceptibility to malignant cardiac arrhythmias. These changes may be difficult to resolve in multicellular preparations in which functional complexities mask subtle inhomogeneities at the cellular level.
